Background and Purpose-Stroke rates in patients with symptomatic intracranial stenosis may be as high as 10% to 24%
I
ntracranial atherosclerotic disease is a high-risk cause of stroke that is potentially treatable. It is present in 8% to 10% of patients with cerebrovascular symptoms. [1] [2] [3] [4] Higher rates are seen in Chinese, black, and Hispanic populations compared with whites 2, 3, 5 and in patients with cortical symptoms or signs. 4 The risk of stroke of all causes in patients with intracranial stenosis may be as high as 10% to 24% per year. 6 -9 Rates were 7% to 10% in the extracranial-to-intracranial bypass trial. 8 The Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) study retrospectively compared outcomes in patients with symptomatic intracranial large-artery stenosis treated with either warfarin or aspirin. 6 Seven percent of the warfarin-treated group and 24% of those treated with aspirin had an ischemic stroke during a median follow-up time of 14.7 and 19.3 months, respectively. Hemorrhagic complications in the warfarin group partially offset the benefit of anticoagulation in a subset with posterior circulation stenosis. 7 A prospective trial comparing high-dose aspirin to warfarin in symptomatic intracranial stenosis was stopped.
The risk of stroke and death appears to increase early and dramatically in patients for whom medical therapy is not successful. In a study with a stroke and death rate of 27.5% (mean follow-up 14.6 months), 29 of 52 (55.8%) patients had subsequent cerebral ischemic events while on an antithrombotic, and the median time to recurrent ischemic events or death was 36 days. 9 The Northern Manhattan Stroke Study found a 5.9% adjusted risk of recurrent stroke at 30 days in 57 patients relative to a nonatherosclerotic stroke group. 10 There is a need for alternative treatment in this patient population at high risk for stroke. Because of issues of recoil and dissection seen with angioplasty alone, the use of stents has been proposed for the treatment of intracranial stenosis as an alternative to medical therapy. 11 The concern has been the availability of stents that can be tracked into the intracranial circulation, although flexible coronary stents have been used in reported cases. 12 The primary purpose of this study was to evaluate the safety and procedural feasibility of the NEUROLINK System (Guidant Corporation) in patients with symptomatic atherosclerotic disease of the extracranial vertebral and intracranial arteries in a multicenter trial. The NEUROLINK System, designed for the cerebral vasculature, comprises a balloon dilatation catheter and a stent and delivery catheter. The stent is made of 316L stainless steel, with diameters of 2.5 to 4.5 mm and length of 8 mm (Figure 1) . Only a few links connect the rings, rendering the stent flexible enough to navigate tortuous intracranial vessels. Because the struts do not lift as the stent negotiates a turn, the likelihood of vessel wall injury is lessened.
Materials and Methods

Endpoints
The SSYLVIA study was a prospective, nonrandomized, international trial. The primary endpoints assessed the rate of: (1) death or stroke within 30 days of the procedure and (2) stent success, resulting in Ͻ50% stenosis and covering an area no longer than the original lesion. Procedure success was defined as stent success with no stroke or death before discharge.
Secondary endpoints included angiographic evaluation of the treated segment at 6 months, target lesion-related stroke at 12 months, and access site events that required treatment. An independent angiographic core laboratory analyzed available angiograms and a Clinical Events Adjudication Committee adjudicated all major adverse events that might qualify as endpoints, including stroke, death, and access site events. A major stroke was defined as one that led to a National Institutes of Health Stroke Scale (NIHSS) score of Ն15, a modified Rankin scale (mRS) score of Ն4, or a Barthel Index (BI) of Ն60 30 days after the stroke.
Study Population
Patients were 19 to 80 years old with transient ischemic attack (TIA) or stroke attributed to a single atherosclerotic stenosis of Ն50% of an extracranial vertebral or intracranial artery by angiography. They were at least 7 days after stroke and free of TIAs for 24 hours before study enrollment. Patients had an mRS of Յ3 and could take 2 antiplatelet agents. Women of childbearing potential had a negative pregnancy test. The institutional review board at each institution approved the study and each subject gave informed consent.
Patients were excluded if they had had an intracranial hemorrhage or hemorrhagic stroke within 30 days or a stroke within 6 weeks of the procedure that involved one third of the vascular territory on imaging and was in the same hemisphere as the target lesion. Intracranial tumors, cerebral arteriovenous malformations, or aneurysms (except unruptured aneurysms Յ5 mm in diameter and in a different circulation than the target lesion) were excluded, as was any neurological illness that could confound the diagnosis of TIA or stroke. Patients were excluded if they could not cooperate with the study procedures or provide informed consent.
Candidates were ineligible if they had known contraindication to heparin, stainless steel, anesthesia, or x-ray contrast; Hgb Ͻ10 g/dL, platelet count Ͻ100 000; international normalized ratio Ͼ1.5 (irreversible), received thrombolytic agents within 24 hours, or had noniatrogenic uncontrolled bleeding diathesis. Patients were excluded if they had a potential source of cardiac embolism; known symptomatic epicardial stenosis Ͼ50% that potentially required revascularization; a major surgical intervention within the past 30 days or a scheduled major surgical intervention within 90 days; life expectancy Ͻ1 year because of other medical conditions; a condition precluding proper angiographic assessment; or previous treatment of the target lesion with a stent.
Angiographic inclusions required a discrete lesion occupying 50% to 99% of the target artery diameter with a reference vessel diameter between 2.5 to 4.5 mm and lesion length Յ5 mm.
Angiographic exclusions were an untreated stenosis (Ն50%) proximal or distal to the target lesion; visual evidence of severe calcium at the target lesion that the investigator believed would be resistant to dilatation; visual evidence of intramural thrombus; evidence of diffuse disease or poor outflow distal to the target lesion; or acute arterial dissection, vasculitis, moyamoya disease, radiationinduced vasculopathy, or fibromuscular dysplasia.
Clinical Follow-up
Examinations with the mRS, NIHSS, and BI were conducted by a nonoperator study neurologist before the procedure, at 30 days, and at 3, 6, and 12 months. Telephone contact was made at 9 months. Diagnostic angiography was performed after the stent procedure and again at 6 months.
Procedure
Aspirin (minimum 100 mg, twice daily) and clopidogrel (minimum 75 mg twice daily) were given at least 48 hours before the procedure. After the procedure, aspirin (minimum 100 mg daily) was prescribed for a minimum of 1 year and clopidogrel (75 mg daily) for at least 4 weeks. Heparin was administered to maintain an activated clotting time of 200 to 300 seconds throughout the procedure. Either local or general anesthesia was used. Adjunctive drugs such as IIb/IIIa inhibitors were only allowed in patients at high risk for subsequent thromboembolic complications.
The lesion was first predilated at the discretion of the interventionalist using the NEUROLINK balloon dilatation catheter only. The stent size was matched to the vessel diameter proximal or distal to the lesion, whichever was smaller. The system was delivered over a 0.014-inch guidewire until the markers straddled the lesion, and the stent was then deployed with the inflation device. If the stent was not optimally deployed, leaving Ͼ30% residual stenosis, for example, then the lesion could be redilated at the option of the interventionalist. Before treating the first patient under the protocol, each interventionalist took part in a didactic and practical training program. The core laboratory determined all angiographic measurements, using the WASID criteria for intracranial lesions and the North American Symptomatic Carotid Endarterectomy Trial criteria for extracranial lesions. 13, 14 
Statistical Methods
The primarily descriptive data were analyzed according to intent-totreat methodology, including those patients not implanted with a stent. The literature was used to derive an acceptable 30-day stroke and death rate set at Ͻ21%. A stopping rule was determined prospectively to ensure that the occurrence of stroke and death did not present safety risk to the study population.
Results
Patient Characteristics
Sixty-one patients were enrolled from November 9, 2000, through November 19, 2001 . Their mean age was 63.6 years 
Primary Endpoints
At 30 days, no deaths had occurred. Four (6.6%) strokes were seen, 3 of them major and ipsilateral. Two ischemic strokes occurred during the procedure. One was noted on awakening from anesthesia, thought to be caused by a slow flow state developing during vertebral stenting distal to the posterior inferior cerebellar artery (PICA) and treated with heparin. The other, in a patient with a midbasilar lesion, was believed to be caused by occlusion of perforators by plaque during balloon inflation and not further treated. A third stroke occurred later in a patient with a proximal basilar artery lesion, whereas the fourth was a subarachnoid hemorrhage that resolved without residual deficits.
The stent was successfully placed in 58 of 61 (95%) cases. Figure 2 shows 1 such case. Procedure success was seen in 54 of 61 patients (88.5%). Two patients (3%) were lost to follow-up after the discharge visit.
Secondary Endpoints
Investigator measurements were provided for follow-up angiography without core laboratory interpretations, including occlusions. Stenosis of Ͼ50% at 6 months was seen in 12 of 37 (32.4%) (30 read by the core laboratory, 7 by the investigator) intracranial stents and 6 of 14 (42.9%) extracranial vertebral stents (including 3 occlusions read by the investigator only). Of these extracranial stenoses, 67% (4/6) occurred in vertebral ostium lesions. Figure 3 provides the cumulative frequency distribution of the percent stenosis at baseline, immediately after the procedure and at 6 months. Figure 4 shows an example of a vessel with restenosis.
Strokes in the distribution of the target lesion occurring after 30 days but by 12 months were seen in 4 of 55 patients (7.3%), 2 in posterior circulation cases and 2 in the anterior circulation. One of these occurred in the only patient not stented, who had a left supraclinoid ICA stenosis. In the patients who had strokes between 30 days and 12 months, the mean stenosis was 66.5% (range 58% to 76%). Of the 18 patients with stenosis of Ͼ50% at 6 months, 7 (39%) were symptomatic with a stroke or TIA and were treated at the discretion of the investigator. Of the 5 patients who had symptoms in the distribution of the stented vessel, 2 received no reported change in treatment, whereas treatment in the others included a subclavian to vertebral bypass, in-stent angioplasty, or warfarin. Two patients with asymptom- Cumulative frequency distribution of degree of stenosis at baseline, after treatment, and at 6 months using core laboratory (CL) and principal investigator (PI) data for those cases without core laboratory interpretations.
atic restenosis also had in-stent angioplasty. The composite 1-year stroke rate was 13.1% (8/61) (Table) . At 6 months, only 5 patients (8%) were known to be on anticoagulants, although antithrombotic information was not available for 9 of 61 (15%) patients. Forty-seven of the 61 patients (77%) were known to be using 1 or more antiplatelet agents at 6 months.
The rate of occurrence of critical events met the acceptance criteria and did not invoke the stopping rule at any time during the study enrollment period. One access site infection was seen that required treatment. No unanticipated safety concerns were identified.
An exploratory analysis was performed to determine which variables best predicted the presence of stenosis at 6 months. The list of potential variables queried with a stepwise linear regression included diabetes, hypertension, hypercholesterolemia, tobacco use, gender (male), index stenosis in the posterior circulation, ostial stenosis location, postprocedure stenosis of Ն30% (each of these either present or absent for the attribute), and pretreatment vessel diameter, pretreatment minimum lumen diameter, pretreatment lesion length, pretreatment percent stenosis, posttreatment lesion length, posttreatment percent stenosis, and age. For the 51 patients with 6-month angiography data, the resulting regression model showed that diabetes, ostial stenosis location, the postprocedure percent stenosis, pretreatment vessel diameter, and age contributed significantly to the prediction of stenosis at 6 months, higher pretreatment vessel diameter, and age lessening the likelihood of stenosis. When the analysis was limited to the 37 patients with intracranial stenoses and 6-month angiography, only diabetes, postprocedure percent stenosis of Ն30%, and pretreatment vessel diameter contributed significantly to the prediction of stenosis at 6 months and were included in the model.
In 1 patient, a stenosed vertebral stent was explanted during a right subclavian to right vertebral artery bypass procedure. Pathologic examination showed neointimal hyperplasia.
Discussion
The SSYLVIA trial showed that the NEUROLINK System is safe and feasible for the treatment of atherosclerotic lesions of the extracranial vertebrals and intracranial vessels. The stent was deployed with a high rate (95%) of success. There were no deaths and patients had relatively low rates of stroke at 30 days (6.6%). Four strokes occurred between 30 days and 1 year, one of which was fatal.
The 3 ischemic strokes that occurred within the first 30 days were all in posterior circulation vessels. Because the natural history of vertebrobasilar stenosis has been characterized by especially high stroke rates, 7,15 the apparently higher risk of periprocedural stroke in the posterior circulation may be warranted.
A unique contribution of the SSYLVIA trial was a multicenter assessment of restenosis rates and their potential associations with clinical symptoms and risks. Certain of the factors generated by the exploratory analysis, specifically diabetes, greater postprocedure stenosis, and smaller pretreatment vessel size, have also been described in the cardiac literature. 16, 17 The analysis also identified lesion location in the vertebral ostium as a risk for restenosis. Restenosis occurred in 67% of vertebral ostium lesions, compared with only 25% of pre-PICA vertebral and 32% of intracranial lesions, suggesting that ostial recoil may require a more robust stent. The majority, 61%, of patients with stenosis at 6 months remained asymptomatic. Stenosis caused by neointimal proliferation likely carries a lower thromboembolic risk than atherosclerosis. 18 Although the cardiac literature supports rates of restenosis in untreated stents that are close to those of the SSYLVIA trial, Ϸ20% to 30%, 19, 20 the rates reported in subgroups of stented cerebral stenoses have been lower. In 2 studies of intracranial lesions, zero of 8 and of 9 patients (0%) with angiographic follow-up had restenosis Ͼ50% at means of 3 and 5 months, respectively. 12, 21 Gomez recently reported restenosis in 3 of 28 (10.7%) intracranial cases and 6 of 72 (8.3%) extracranial vertebral cases. 22, 23 The differences between larger trial and single institution results may partially be explained by patient selection, including risk factors, 16 angiography timing, and the use of core laboratories in the larger trials.
Although 30-day stroke and death rates were 5.3% and 3.2% in the Gomez series 22, 23 and 0% and 36% in the earlier studies, 12, 21 none reported strokes during later follow-up. In the current study, nonprocedural strokes occurred in patients with restenosis. Although angiograms were not reviewed to determine whether stent struts crossed perforators in these cases, another small series found this had no association with stroke. 24 The retrospective WASID study suggested a benefit for warfarin compared with aspirin in patients with a symptomatic intracranial stenosis. 6 Although antithrombotic information was not known for 9 patients at 6 months in the SSYLVIA trial, even if all 9 were on anticoagulation, there were still fewer patients overall treated with anticoagulants needing monitoring than there were at study entry.
Further clinical trials with the NEUROLINK System are warranted, perhaps with a treated stent. Future trials would ideally compare stenting to the best medical therapy, to be determined by the WASID trial, because currently there is no proven benefit of this procedure relative to medical therapy. The probable benefit-to-risk ratio of the NEUROLINK System has led to a Humanitarian Device Exemption designation for this device from the Food and Drug Administration for use in patients who have had events despite medical therapy. Although it was not the population studied in this trial, patients with intracranial stenosis in whom medical therapy has failed may be at the highest risk for stroke. 9 
